Abstract. We analyze here the energy spectra of 50-keV to 20-MeV protons accelerated at corotating shocks observed at Ulysses in the southern heliosphere during 1992 and 1993. In general, our results are inconsistent with the predictions of two models based on diffusive shock acceleration theory (Fisk and Lee [1980] and Jones and Ellison [1991]). The main results are the following: (1) The relationships between the spectral indices and the shock compression ratio show significant departures from those predicted by the two models; the observed spectra are substantially harder than predicted; (2) the spectral indices at the reverse shocks depend strongly on the heliographic latitude of Ulysses; the hardest spectra are associated with strong quasi-perpendicular shocks observed between 20ЊS and 30ЊS; (3) the spectral indices at the reverse shocks are anticorrelated with the upstream plasma velocity VЈ u in the de Hoffman-Teller frame of the shock; and (4) the spectral indices at the forward shocks show no dependence on either the shock parameters or the heliographic latitude. The latitudinal dependence of the reverse shock spectra is probably related to the tilt (ϳ25Њ) of the heliospheric current sheet with respect to the solar equatorial plane during 1992 and 1993. The negative correlation between the spectral indices at the reverse shocks and VЈ u indicates that the gradient drift mechanism plays a crucial role in accelerating particles at corotating interaction regions (CIRs). The differences in our observations at the forward and reverse shocks may be due to the presence of a more energetic seed population and an enhancement in the level of magnetic field fluctuations upstream of the trailing edges of the CIRs.
Introduction
Charged particles are routinely accelerated at shocks that exist in a variety of astrophysical settings, both internal and external to the heliosphere. Examples within the solar system include coronal shocks near the Sun [e.g., Reames et al., 1996] , planetary bow shocks [e.g., Mason et al., 1996] , interplanetary transient shocks driven by fast coronal mass ejections, or CMEs [e.g., Bothmer et al., 1995] , corotating shocks [e.g., Desai et al., 1997] , and the solar wind termination shock, which is apparently responsible for accelerating the anomalous cosmic rays [e.g., Stone et al., 1996] . Among the most notable external sources are supernovae shocks, which presumably accelerate the galactic cosmic rays while propagating through the hot interstellar medium [e.g., Drury, 1983] . However, the only systems where shock acceleration theories can be tested against in situ observations are planetary bow shocks, transient shocks, and corotating shocks.
A stochastic mechanism occurring at collisionless shocks is presently believed to be most efficient in accelerating particles to extremely high energies [Forman and Webb, 1985] . This may occur either via (1) particles being scattered between magnetic irregularities that exist on either side of the shock, i.e., the first-order Fermi process for quasi-parallel shocks [Lee, 1983; Jones and Ellison, 1991] , and/or via (2) particles drifting along the shock front in a direction parallel to the V ϫ B electric field, i.e., the gradient B-drift process for quasi-perpendicular shocks [Hudson, 1965; Decker, 1988] . These processes are extreme cases of the diffusive mechanism, because to accelerate particles to ϳ1 MeV in energy the drift process also requires multiple shock encounters via scattering centers, which are an essential feature of the Fermi process [Jokipii, 1982] . Thus, within the framework of diffusion theory, both processes operate at the same shock, with the dominant one being determined by the angle between the direction of propagation of the shock and the upstream magnetic field direction (i.e., the shock normal angle Bn ) [Decker and Vlahos, 1986] . While the theories of these acceleration mechanisms have been well studied and widely accepted, the origin and injection of the seed particles and the relative efficiencies of the two processes continue to remain highly controversial topics [Decker, 1988; Jones and Ellison, 1991] .
Since the early 1960s, interplanetary spacecraft near Earth have detected recurrent increases in the intensities of energetic (ϳ1 MeV/nucleon) ions during periods of low solar activity [Bryant et al., 1963; Richardson et al., 1993] . The subsequent measurements obtained at Pioneer 10 and 11 near the ecliptic plane showed that such particles are accelerated in interplanetary space between 3 and 5 AU, rather than near the Sun, and that the peaks in the intensity coincided with the appearance of corotating interaction regions, or CIRs, at the spacecraft every solar rotation period, i.e., ϳ26 days [Barnes and Simpson, 1976; McDonald et al., 1976] . Other than at solar maximum conditions, the outer heliosphere from 2 to 6 AU is dominated by CIRs [Smith and Wolfe, 1976] , which are formed when fast solar wind streams originating from coronal holes overtake slow solar wind streams that usually originate from coronal streamers [Gosling et al., 1981] . At low heliographic latitudes, such CIRs are typically bounded by forward and reverse waves on their leading and trailing edges, respectively, that steepen into shocks at heliocentric distances տ2 AU [Hundhausen and Gosling, 1976] . In situ observations over the last three decades have indicated that such corotating shocks can accelerate ions up to ϳ20 MeV/nucleon in energy [Tsurutani et al., 1982; Sanderson et al., 1994] .
In analyzing long-term averages of some of the recurrent particle events at ϳ1 AU, Gloeckler et al. [1979] reported that the distribution functions ( f ) of several ion species (e.g., H, He, C, O, and Fe) in the 0.15-to 8-MeV/nucleon energy range could be represented as simple exponentials in the particle speed (v) with characteristic e-folding speeds (v 0 ) that were approximately similar for all elements. To account for these results, Fisk and Lee [1980] derived an expression for f by adapting the diffusive transport theory [Fisk, 1971] to describe the acceleration of particles composing the suprathermal tail (ϳ5 keV) of the solar wind at the corotating shocks formed beyond Earth. In this model, particles are accelerated at the shocks via compression and first-order Fermi scattering processes, and the exponential dependence of f on v arises primarily as a result of adiabatic energy losses incurred by the particles as they propagate inward toward the Earth in the expanding solar wind. In general, the Fisk and Lee [1980] model (hereinafter referred to as the FL model) has provided reasonable fits to the energetic particle distribution functions associated with the recurrent high-speed solar wind streams observed at interplanetary spacecraft near Earth [Richardson et al., 1993] .
According to the FL model, the distribution function f rolls over above ϳ1 MeV energy with an e-folding speed v 0 and depends upon (1) the ratio r/r s (r and r s are the radial distances between the Sun and the measurement and between the Sun and the location of the shock along a given magnetic field line, respectively) and (2) the particle speed v. At or near the shock, since the ratio r/r s Ϸ 1, f becomes a simple power law multiplied by an exponential in v. For a given shock the model predicts specific relationships between (1) the power law spectral index n and the hydrodynamic shock strength H, defined as the ratio of the proton densities measured on either side of the shock; and (2) v 0 and the plasma and field parameters at or near the shock. However, these predictions have not yet been tested, mainly because most of the in situ CIR measurements have been obtained at ϳ1 AU, where the forward and reverse waves bounding the CIRs rarely steepen into shocks [Hundhausen and Gosling, 1976] .
The Ulysses spacecraft, on the other hand, while exploring the midlatitude southern heliosphere from 13ЊS to 41ЊS for the first time [Marsden et al., 1996] , encountered well-developed CIRs that were typically bounded by forward and reverse shocks on their leading and trailing edges, respectively . These CIRs, observed during 18 successive solar rotation periods, were formed due to the interactions between high-speed (ϳ750 km s
Ϫ1
) solar wind streams that emanated from the equatorward extension of the southern polar coronal hole and the slow-speed (ϳ400 km s
) flow of the streamer belt Riley et al., 1996] . The CIRs were identified by Gosling et al. [1993] and Balogh et al. [1995] on the basis of characteristic signatures that were observed over a period of several days in the magnetic field magnitude (͉B͉), the solar wind speed (V), the proton density (n p ), and the proton temperature (T p ). A well-developed CIR typically contained (1) abrupt increases in V at the leading and trailing edges that defined the forward and reverse shocks, respectively, (2) a region of enhanced ͉B͉ and n p , which defined the magnitude of the compression, and (3) a region of enhanced T p , which defined the plasma heated by the compression [Riley et al., 1996] . The measurements obtained by charged-particle instruments on board Ulysses in this region were indeed found to be dominated by recurrent increases in the intensity of 1-to 20-MeV protons [Sanderson et al., 1994; Desai et al., 1998 ] as well as 60-keV to 2-MeV ions and 40-to 315-keV electrons [Simnett et al., 1994] that coincided with the arrival of the bounding shocks of these CIRs.
Previously, Desai et al. [1997] had investigated the relationships between the ϳ1-MeV proton intensity and (1) the magnetic compression ratio (the ratio of the magnetic field strengths upstream and downstream of the shock) and (2) the shock normal angle measured at the corotating reverse shocks in the southern heliosphere and concluded that their results were consistent with the general predictions of diffusive shock acceleration theory. In this paper we specifically test the above outlined predictions of the FL model and also the main predictions of the Jones and Ellison [1991] model (hereinafter referred to as the JE model, which is also based on diffusion theory) against the above mentioned 50-keV to 20-MeV ion measurements. No satisfactory theoretical explanation has yet been offered for the տ40-keV electron enhancements.
We combine data from two separate energetic particle instruments to obtain the differential energy spectrum of 50-keV to 20-MeV protons at each corotating shock. We remark that the FL model has never been tested over such an extended energy range at CIRs mainly due to limited instrumentation capabilities. We then fit the functional forms predicted by both models to the spectra and investigate the relationships between the best fit parameters and (1) the hydrodynamic shock strength H, (2) the heliographic latitude of Ulysses, and (3) the plasma velocity VЈ u along the upstream magnetic field direction in the rest frame of the shock. Here VЈ u ϭ V sh sec Bn , V sh being the shock velocity in the upstream plasma rest frame.
In general, our results are inconsistent with the main predictions of both shock acceleration models and show remarkable differences at the forward and reverse shocks. In addition, the spectral fit parameters at the reverse shocks show a strong dependence on the heliographic latitude of Ulysses and are anticorrelated with VЈ u . We discuss these results in terms of the underlying structure of the inner heliosphere inside of ϳ5 AU during the solar minimum epoch of 1992 and 1993. We also discuss the implications of our results for the two models. We explain the differences between our observations at the forward and reverse shocks in terms of the observed differences in the field and plasma measurements at the leading and trailing edges of the CIRs.
Instrumentation
We use particle data from the heliosphere instrument for spectra, composition, and anisotropy at low energy (HISCALE) [see Lanzerotti et al., 1992] and the low-energy telescope (LET) of the Cosmic Ray and Solar Particle Investigation (COSPIN) [see Simpson et al., 1992] . HISCALE measures the total energy deposited by ions in the 50-keV to 5-MeV energy range in two of its five telescopes, namely, the low-energy magnetic spectrometers LEMS30 and LEMS120, in eight discrete energy channels referred to as P1-8 and PЈ1-8, respectively. The COSPIN/LET uses a two-parameter technique to identify 1-to 20-MeV protons in three channels referred to as L3, L12, and L21. Here we only use LEMS120 data from HISCALE, because its orientation at 120Њ to the spacecraft spin axis is closest to the 90Њ orientation of the COSPIN/ LET. This has essentially enabled us to neglect the effects of convection that usually need to be taken into account when comparing data from telescopes oriented in different directions.
We remark that during the events analyzed here, and in general throughout the midlatitude southern heliosphere, the magnitudes of the intensity increases measured in PЈ8 (1.8 -5.0 MeV) were comparable (within a factor of ϳ2) with those measured in L3 (1.8 -3.0 MeV). This is illustrated in the examples shown below and has provided us with confidence, both in the intercalibration of the two instruments and that the response of the LEMS120 during periods when the intensities were high (i.e., at the corotating shocks) is probably dominated by protons. We derive the proton differential energy spectrum from the hourly averaged intensities measured simultaneously in all 11 channels centered at the time of passage of each shock.
We also use the solar wind plasma data obtained by the Solar Wind Observations Over the Poles of the Sun (SWOOPS) instrument [Bame et al., 1992] and the magnetic field measurements obtained by the magnetometer [Balogh et al., 1992] on board Ulysses. The hydrodynamic shock strength H is defined as the ratio of the average proton density measured by SWOOPS during 20-min intervals downstream (n d ) and upstream (n u ) of the shock. The uncertainty in H is calculated from the standard deviation of n d and n u during the respective periods. Hereinafter, the subscripts d and u refer to quantities measured in the downstream and upstream regions, respectively. The shock normal angle Bn and the shock velocity V sh in the upstream plasma rest frame were determined by Balogh et al. [1995] and Riley et al. [1996] , respectively.
Observations

Overview
Figure 1 provides an overview of the Ulysses measurements of the energetic particle intensities (Figure 1a ), the magnetic field magnitude ͉B͉ (Figure 1b) , and the solar wind speed V (Figure 1c) , from day 48, 1992, to day 286, 1993 . In presenting an overview of the plasma and magnetic field measurements, Phillips et al. [1995] had pointed out that from day 48, 1992, to day 180, 1992 (7ЊS-13ЊS at ϳ5.4 AU), Ulysses was completely immersed in the slow-speed flow (ϳ400 km s Ϫ1 ) of the streamer belt (see Figure 1c ) and that the observed interaction regions had no regular pattern (see Figure 1b) . Most of the proton intensity increases observed during this period, as Sanderson et al. [1994] ). The upper x axis in Figure 1a shows the heliographic latitude of Ulysses as a function of time. The numbers 1-18 in Figure 1c refer to the appearance of the fast (ϳ750 km/s) solar wind stream at Ulysses once every ϳ26 days, after .
shown in Figure 1a , were associated either with solar flares or with transient shocks driven by CMEs. Figure 1c shows that from day 180, 1992, to day 106, 1993 (from 13ЊS to 29ЊS, from 5.4 to 4.8 AU), Ulysses sampled a fast (ϳ750 km s Ϫ1 ) solar wind stream (identified by the numbers 1-18, after Bame et al. [1993] ) once every ϳ26 days. The interaction between this fast stream and the slow solar wind flow of the streamer belt resulted in the formation of strong CIRs ( Figure 1b ) that were typically bounded by forwardreverse shock pairs [Riley et al., 1996] . Figure 1a shows that most of the largest recurrent proton intensity increases observed during this period were associated with these CIRs.
From day 106, 1993, to day 286, 1993 (from 29ЊS to 41ЊS, from 4.8 to 4.2 AU), Ulysses no longer encountered the slowspeed flow of the streamer belt, and as a result the minimum solar wind speed increased from ϳ400 to 600 km s Ϫ1 ( Figure  1c ) and only one corotating forward shock was detected, that on day 180, 1993, at ϳ33ЊS . Here the CIRs and their associated particle intensity increases, shown in Figures 1b and 1a, respectively, were relatively weaker than the corresponding measurements obtained from 13ЊS to 29ЊS. An overview of these findings is given by Sanderson et al. [1994 Sanderson et al. [ , 1995 , Simnett et al. [1994] , and Desai et al. [1997 Desai et al. [ , 1998 ].
Case Studies
Plates 1 and 2 show the key features of CIR 9 (day 19 to day 26, 1993) and CIR 12 (day 103 to day 107, 1993), respectively. The location of Ulysses is given in Plates 1a and 2a. These plates show hourly averages of the 50-keV to 20-MeV proton intensities measured by HISCALE and COSPIN/LET (Plates 1a and 2a), the total pressure P (Plates 1b and 2b), the magnetic field magnitude ͉B͉ (Plates 1c and 2c), and the solar wind speed V (Plates 1d and 2d). The total pressure P is given by the sum of the plasma and magnetic field pressures, i.e., P ϭ 2n p kT p ϩ B 2 / 2 0 , where n p and T p are the proton density and temperature, respectively, and B is the magnetic field magnitude. Note that P does not include the contribution of solar wind alpha particles and electrons. Plates 1a and 2a show that the intensities measured at ϳ3 MeV, i.e., in channels PЈ8 (green trace) and L3 (blue trace), not only overlap but also track each other extremely well, indicating that the response of the LEMS120 at its higher energy limit is essentially dominated by protons.
Plate 1 shows that the leading and trailing edges of CIR 9 were bounded by a forward shock (marked F) and a reverse shock (marked R) that were observed at 0459 UT on day 20, 1993, and at 0257 UT on day 22, 1993, respectively. In contrast, Plate 2 shows that the leading edge of CIR 12 was not well defined and that the trailing edge was bounded by a reverse shock (R) which arrived at Ulysses at 1552 UT on day 106, 1993. These shocks were identified by Gosling et al. [1993] and Balogh et al. [1995] due to the abrupt increases in V (Plates 1d and 2d) that were accompanied by simultaneous increases (at F) and decreases (at R) in P (Plates 1b and 2b) and ͉B͉ (Plates 1c and 2c). We remark that CIR 9 (Plate 1) was typical of the well-developed CIRs observed between 13ЊS and 29ЊS, whereas CIR 12 (Plate 2) was typical of the somewhat weaker CIRs observed between 29ЊS and 41ЊS [Sanderson et al., 1994] .
Plate 1a shows that the intensity increases measured in the higher-energy (տ500 keV) channels at the reverse shock (R) are nearly 2 orders of magnitude greater than those measured at the forward shock (F); the same trend was first reported by Barnes and Simpson [1976] . Note that even though the magnitudes of the lower-energy (Շ500 keV) proton intensity increases near the leading and trailing edges of the CIR are comparable, their corresponding time profiles are remarkably different. For instance, near the forward shock the intensities in the 50-to 500-keV energy range show a spike-like feature, whereas the intensity profiles near the trailing edge exhibit significantly different behavior at low and high energies. Starting from ϳ0800 UT on day 21, 1993, i.e., about 4 hours after the passage of the last stream interface (marked S) [from Wimmer-Schweingruber et al., 1997] , till just prior to the arrival of the reverse shock (R), the Շ500-keV proton intensities remained relatively steady for a period of about 19 hours. At the reverse shock itself the intensities measured in the lowestenergy (50-to 300-keV) channels decreased by about an order of magnitude. In contrast, the higher-energy (տ500 keV) intensities showed step-like increases up to the arrival of the reverse shock and then slowly decreased by a factor of 2 following its passage.
Plate 2a shows that (1) the lower-energy (Շ3 MeV) timeintensity profiles near the reverse shock (R) of CIR 12 are somewhat similar to those observed near the reverse shock of CIR 9 (Plate 1a), and (2) no significant intensity increases were observed above ϳ3-MeV energy. Specifically, the lower-energy (Շ3 MeV) intensities increased by about an order of magnitude downstream of the shock, reached a peak just prior to the arrival of the shock, and then decreased by about a factor of 5 at the shock itself. After the shock passage the intensities in the lowest-energy (Շ300 keV) channels decreased more rapidly when compared with those measured above ϳ300 keV.
In summary, the 50-keV to 20-MeV proton intensities show remarkably different characteristics at the forward and reverse shocks of the CIRs observed from 13ЊS to 29ЊS. Specifically, the intensity increases above ϳ500 keV near the reverse shocks are substantially larger than those measured near the forward shocks. Such differences have been observed previously in association with CIRs at both Pioneer [Barnes and Simpson, 1976; Tsurutani et al., 1982] and Voyager [Decker et al., 1981] near the ecliptic plane and at Ulysses [Desai et al., 1998 ] throughout the three-dimensional heliosphere. In contrast, the CIRs observed from 29ЊS to 41ЊS were not bounded by forward shocks, and the reverse shocks and their associated proton intensity increases were weaker in comparison with the corresponding measurements obtained between 13ЊS and 29ЊS.
Data Analysis
We have fitted the following two models to the proton differential energy spectra measured at all the corotating shocks observed in the southern heliosphere: (1) a power law multiplied by an exponential in particle speed [Fisk and Lee, 1980] 
and (2) a power law multiplied by an exponential in particle energy [Jones and Ellison, 1991] 
Here j i is the differential intensity measured in the ith energy channel, E i is the geometric mean of the upper and lower energy bounds of the ith channel, and v i is given by ͌ E i , so that the units of E i and v i are MeV and (MeV) 1/2 , respectively. Plate 1. Hourly averages of (a) the 50-keV to 20-MeV proton intensities measured by HISCALE and COSPIN/LET, (b) the total pressure P, (c) the magnetic field magnitude ͉B͉, and (d) the solar wind speed V, from day 19, 1993, to day 26, 1993 . The intensity measured in each of the 11 discrete energy channels (see text) is denoted by the geometric mean of the upper and lower energy bounds of that channel. The solid (marked F) and dashed (marked R) vertical lines denote the times of arrival of the forward and reverse shocks, respectively . The red vertical traces, marked S, denote the arrival times of the stream interfaces [Wimmer-Schweingruber et al., 1997] .
Plate 2. Same as in Plate 1, but for the time period from day 103, 1993, to day 107, 1993.
We now discuss the key similarities and differences between the above models. JE obtained the power law dependence of j on E (equation (2)) by solving the steady state convectiondiffusion equation using Monte Carlo techniques under the assumption that solar wind thermal ions are accelerated via compression and first-order Fermi scattering processes occurring at the shock. This, except for the origin of the seed particles, is essentially the same basic assumption made by FL to describe particle acceleration at CIR shocks. However, the exponential term in the FL model arises because they assumed that the CIR shock-accelerated particles lose energy via adiabatic deceleration while propagating in the expanding solar wind back toward the Sun with a diffusion coefficient ϰ v. In contrast, the exponential term in (2) arises due to competition between shock acceleration and the putative loss of particles which propagate beyond a free escape boundary in the upstream region with ϰ E. To date, (2) has been used to fit the energetic particle spectra observed near the Earth's bow shock [Ipavich et al., 1981] and near quasi-parallel transient shocks [Baring et al., 1997] but has never been used to model the energy spectra of particles accelerated at corotating shocks.
We have fitted (1) and (2) to each energy spectrum (i.e., 11 data points) using nonlinear least squares methods that minimized the 2 function [Press et al., 1991] and yielded best fit values for three free parameters: j 0 , n, and v 0 from (1) and N 0 , ␥, and E 0 from (2). The acceptability of each fit was based on (1) a visual examination, and (2) if the value of 2 was Շ16, i.e., if the reduced chi-square 2 for ϭ 8 degrees of freedom was Շ2. We then determined the 1 confidence limits for each parameter by fixing the remaining two parameters and iteratively varying that parameter and refitting until the value of 2 increased by 1 [Bevington and Robinson, 1992] . We remark that, in general, both models provided acceptable fits (visually and statistically) to the spectra measured at most of the CIR shocks observed at Ulysses. Figure 2 shows the spectra and the best fit model curves representing (1) (dashed curves) and (2) (dotted curves) for the forward-reverse shock pair associated with CIR 9 (see Plate 1). Note that the spectrum at the reverse shock ( Figure  2b ) is much harder than the one at the forward shock ( Figure  2a) , which once again exemplifies the differences between the particle observations near the leading and trailing edges of CIRs.
Results
Relationship Between the Fit Parameters and the Shock Strength
The FL and JE models predict that the power law spectral indices, n and ␥, respectively, should be related to the density compression ratio H according to
A comparison between (1) and (2) and the above relationships reveals that n ϭ 2␥ if the exponential terms in both (1) and (2) approach 1, i.e., if v 0 and E 0 3 ϱ. In such cases the differential intensity spectrum becomes a power law. We remark that the spectra associated with only 11 of the 46 shocks analyzed here were pure power laws. In contrast, the spectra (2), respectively. The parameters n and v 0 are obtained by fitting equation (1), whereas the parameters ␥ and E 0 are obtained by fitting equation (2), to the spectra. The quantity 2 represents the goodness-of-fit statistic for each fit.
measured at the remaining 35 shocks (16 forward shocks and 19 reverse shocks) tended to roll over above ϳ500-keV energy, which ensured that both v 0 and E 0 were finite. Consequently, the relationship n ϭ 2␥, implicit in (3) and (4), was not valid for most of the CIR spectra observed at Ulysses. This may be verified by comparing the values of n and ␥ for each of the two spectra shown in Figure 2 . In this paper we investigate the energy spectra measured at the 35 shocks because the above mentioned 11 shocks were not only among some of the weakest CIR shocks that were observed at Ulysses but were also associated with relatively smaller increases in the 50-keV to 20-MeV proton intensities. In addition, we also found that the value of either V sh or Bn for several of these 11 shocks was not well determined. Figures 3a and 3b show the relationships between the spectral indices n (upper panels) and the e-folding speeds v 0 (lower panels), obtained from fitting (1) to the spectra measured at the forward and reverse shocks, respectively, and the shock strength H. The solid curves in the upper panels represent the theoretical relationship given by (3). Note that (1) the values of n, for most of the spectra, depart substantially from equation (3), and (2) most of the data points fall below the solid curve, which shows that the observed spectra are significantly harder than those predicted by the FL model.
Observational test of the Fisk and Lee model.
In particular, note that for most of the strong shocks with H Ͼ 2, the spectral index n Ͻ 2. According to (3), a spectrum with index 1 Շ n Ͻ 2 corresponds to a shock with H Ͼ 4, which, in principle, can be attained only at shocks formed in relativistic plasmas where the ratio of specific heats is 7/3. However, the corotating shocks are formed in the nonrelativistic solar wind plasma, where the ratio of specific heats is 5/3 [Kennel et al., 1985] , and hence H rarely exceeds a maximum value of 4 and typically approaches this limit for stronger shocks. We remark that using a longer time interval (2-hour period either side of the shock), Riley et al. [1996] had obtained values of H Ͼ 4 for some of the above shocks. However, since n Ͻ 2 for most spectra, the above arguments would remain valid even if we were to employ this upper limit for H in our analysis. Figure 3 also shows that n for two of the reverse shocks is Ͻ1, which, from (3), clearly corresponds to unphysical shocks with H Ͻ 0. On the basis of this, and points 1 and 2 above, we conclude that the FL model is unable to account for the energy spectra of 50-keV to 20-MeV protons accelerated at most of the CIR shocks observed at Ulysses. Figure 3 shows that the e-folding speeds v 0 show no clear dependence on H and also that their magnitudes vary little from event to event. For a given shock the FL model also predicts a relationship between v 0 and quantities such as the upstream plasma velocity V u , the shock strength H, and the scattering mean free path ( ) along the upstream magnetic field direction. However, owing to the poor agreement between n and H and the consequent breakdown of the FL model, we are not certain of the physical significance of v 0 and hence refrain from inferring the transport parameters. Figures 4a and 4b show scatterplots of ␥ (upper panels) and E 0 (lower panels), obtained from fitting (2) to the spectra measured at the forward and reverse shocks, respectively, versus H. The solid curves in the upper panels represent the relation (1)) to the spectra observed at (a) the forward and (b) the reverse shocks and the density compression ratio H. In the upper panels the solid curves represent the relation given by equation (3), while the dashed horizontal lines at n ϭ 2 and n ϭ 1 are shown to identify spectra with n Ͻ 2, i.e., those spectra which, according to equation (3) given by (4). Figure 4a shows that ␥ for most forward shocks departs substantially from (4). Note that ␥ for three forward shocks is Ͻ1, which according to (4) implies shocks with H Ͼ 4 or H Ͻ 0, and is therefore analogous to the unphysical situations described above. However, a closer examination (not shown) of the corresponding time-intensity profiles reveals that the 50-keV to 20-MeV proton intensities showed no appreciable increases at or near these shocks, indicating that the three shocks did not locally accelerate particles above ϳ50-keV energy in the vicinity of Ulysses.
Observational test of the Jones and Ellison model.
We remark that a similar argument cannot be employed to explain the reverse shock spectra with n Ͻ 2 and ␥ Ͻ 1 (implying H Ͼ 4 or H Ͻ 0) shown in Figures 3b and 4b , respectively, because the corresponding shocks were associated with significant local particle acceleration effects. This is clearly evident for the reverse shock of CIR 9. Here the intensities of 50-keV to 20-MeV protons showed appreciable increases (Plate 1a) , and yet the values of n and ␥ obtained from fitting (1) and (2) to the corresponding spectrum ( Figure 2b) were only ϳ1.2 and ϳ0.9, respectively. Figure 4b shows that the agreement of the observed relationship between ␥ and H with (4) is somewhat better than the corresponding agreement of the observed relationship between n and H with (3) (see Figure 3b ). Despite this improvement, we note that (1) the values of ␥ for the reverse shocks show significant deviations from equation (4) and that (2) the majority of the points fall below the predicted curve, which shows that the JE model (like the FL model) also predicts spectra that are substantially softer than the observed spectra. Figure 4 (lower panels) shows that E 0 has no clear dependence on H and tends to be similar for most of the events, although note that the largest values of E 0 (or v 0 in Figure 3 ) are associated with shocks with H Ͻ 2, i.e., for weaker shocks.
Variation of the Fit Parameters With the Heliographic Latitude
Figures 5 and 6 show the variation of the fit parameters from the FL model (n and v 0 ) and the JE model (␥ and E 0 ), respectively, with the heliographic latitude of Ulysses. The data are shown as solid circles. The solid curves, obtained by fitting cubic polynomials to the data, are shown to guide the eye and highlight the trends. Generally, when the cubic term dominates, there is no discernible trend in the data.
Figures 5a and 6a indicate that the fit parameters at the forward shocks show no clear dependence on the heliographic latitude of Ulysses. In contrast, Figures 5b and 6b show that the fit parameters at the reverse shocks depend strongly on heliographic latitude. The most intense particle acceleration effects, as indicated by the relatively low values of n and ␥ in Figures  5b and 6b , respectively, and also by the minima of the solid curves, were observed when Ulysses was between 20ЊS and 35ЊS. Further, Figure 5b also shows that the value of n for these particular shocks is Ͻ2, which according to (3) implies unphysical shocks with H Ͼ 4 or H Ͻ 0 (see Figure 3b) .
Correlation Between the Fit Parameters and V sh sec Bn
In shock drift acceleration theory [Hudson, 1965; Armstrong et al., 1985; Decker, 1988] the acceleration efficiency of a shock is related to the plasma velocity VЈ u in the de Hoffman-Teller (2)) to the spectra observed at (a) the forward and (b) the reverse shocks. In the upper panels the solid curves represent the relation given by equation (4), while the dashed horizontal lines at ␥ ϭ 1 and ␥ ϭ 0.5 are shown to identify spectra with ␥ Ͻ 1.
(HT) frame of the shock, i.e., the rest frame of the shock in which the electric field E ϭ 0. Here VЈ u ϭ V sh sec Bn , where V sh is the shock velocity in the upstream plasma rest frame. In the HT frame a significant fraction of particles with parallel speeds v տ V sh sec Bn are reflected back into the upstream medium by the stronger magnetic field (i.e., the gradient in B) in the downstream region, whereas particles with v Ͻ VЈ u are convected by the plasma through the shock into the down- stream region [Sonnerup, 1969] . Particles are reflected provided that they conserve their magnetic moment during encounter with the shock. Viewed in a shock frame in which there exists a V ϫ B electric field, the reflection process results in an increase in the energy for those particles with v տ VЈ u , whereas particles with v Ͻ VЈ u pass too quickly through the shock to experience any change in energy due to the reflection process. Thus the parameter VЈ u can be thought of as (1) the minimum velocity required by a particle to gain energy via the gradient drift process and (2) being directly proportional to the increase in v due to the gradient drift process.
Figures 7 and 8 show the correlation between the fit parameters obtained from the FL and the JE models, respectively, and V sh sec Bn . From Figures 7a and 8a we note that the data (solid circles) for the forward shocks show no clear dependence on VЈ u , although there is a weak trend for positive correlation. In contrast, the degree of scatter of the data about the linear least squares fits (solid lines), taken together with the values of the slopes (m), the intercepts (c), and the linear correlation coefficients (R) in Figures 7b and 8b , shows that both n and ␥ for the reverse shocks are anticorrelated with VЈ u . Since V sh for the CIR reverse shocks observed at Ulysses rarely exceeded ϳ200 km s Ϫ1 [Riley et al., 1996] , the negative correlation between the spectral indices and VЈ u indicates that the spectra at quasi-perpendicular reverse shocks are substantially harder than those measured at quasi-parallel shocks. Note from Figure 7b that the value of n for these strong quasiperpendicular reverse shocks is Ͻ2, which according to (3) implies unphysical shocks with H Ͼ 4 or H Ͻ 0 (see Figure 3b ).
Discussion
We have analyzed the energy spectra of 50-keV to 20-MeV protons accelerated at the corotating shocks observed at Ulysses in the southern heliosphere during 1992 and 1993. We have fitted the spectra with the functional forms predicted by two models based on the diffusive shock acceleration theory (Fisk and Lee [1980] and Jones and Ellison [1991] ). We have investigated the relationship between the best fit parameters (n and v 0 from the FL model and ␥ and E 0 from the JE model) and (1) the shock strength H, (2) the heliographic latitude of Ulysses, and (3) the upstream plasma velocity, VЈ u ϭ V sh sec Bn , in the de Hoffman-Teller frame of the shock.
The main results are the following: (1) The observed relationships between the spectral indices (n and ␥) and the shock strength (H) showed significant departures from those predicted by both models; the observed spectra were substantially harder than predicted; (2) the hardest spectra, when fitted with the FL model, required the existence of unphysical shocks, i.e., shocks with H Ͼ 4 or H Ͻ 0; (3) the fit parameters at the reverse shocks depended strongly on the heliographic latitude of Ulysses; the hardest spectra were observed between 20ЊS and 30ЊS; (4) the spectral parameters at the reverse shocks were anticorrelated with VЈ u ; i.e., the smallest values of the fit parameters occurred for strong quasi-perpendicular shocks; and (5) the fit parameters at the forward shocks showed no dependence on either the shock parameters or the heliographic latitude. Correlation between n and v 0 and the shock parameter VЈ u ϭ V sh sec Bn , where V sh is the shock velocity in the upstream plasma rest frame [Riley et al., 1996] and Bn is the shock normal angle . The quantities m and c are the slopes and the intercepts, respectively, of the linear least squares fits (solid lines) to the data (solid circles), and the quantity R denotes the linear correlation coefficients.
Spectral Characteristics at the Reverse Shocks
The above results (points 1 and 2) are qualitatively consistent with the recurrent energetic particle measurements obtained at the Wind spacecraft near Earth. These observations show that (1) the energy spectra of 30-keV/nucleon to 10-MeV/nucleon particles can be fitted by the FL model provided that the inferred values for the compression ratios correspond to unphysical shocks , and (2) contrary to the predictions of the FL model (i.e., that the spectra should roll over at lower energies due to adiabatic deceleration), the observed energy spectra continued to extend as power laws right down to the lowest energy (ϳ30 keV/nucleon) measured by their instrument . These results taken together with the Ulysses results presented here indicate that the FL model is unsatisfactory and that more analytical work is needed to fully account for the new CIR-related measurements.
The latitudinal dependence of the reverse shock spectra (point 3) may be explained as follows. From the middle of 1992 till late 1993, i.e., the period during which Ulysses traversed the midlatitude southern heliosphere, the solar magnetic and rotation axes were tilted at ϳ25Њ to each other. As a result, both the streamer belt and the embedded heliospheric current sheet were also aligned roughly at about 25Њ to the solar equatorial plane. This ensured that the interactions between the fast solar wind from the equatorward extension of the southern polar coronal hole and the slow-speed flow of the streamer belt were strongest between 20ЊS and 35ЊS [Pizzo and Gosling, 1994] . Owing to this effect, Ulysses encountered CIR shocks of varying strength and obliquity while traversing the southern heliosphere, with those in particular observed between 20ЊS and 35ЊS being among the strongest and with large Bn [Burton et al., 1996] .
A scatterplot (not shown) of the shock strength H versus Bn has revealed that there is no clear trend between these two parameters for the CIR shocks studied here, indicating that not all the strong shocks were quasi-perpendicular and vice versa. This has provided us with additional confirmation that the anticorrelation between the spectral indices and VЈ u (point 4) is real and not fortuitous. This trend clearly indicates that the hardest spectra are associated with strong quasiperpendicular shocks for which the gradient drift process results in the largest energy gain for a particle.
The above result is qualitatively consistent with the results of Tsurutani and Lin [1985] , who in analyzing shock acceleration at ISEE 3 had reported a positive correlation between the intensity of both 47-keV to 15-MeV ions and 2-keV to 1-MeV electrons and V sh sec Bn for transient interplanetary shocks. However, this result completely contradicts one of the main predictions of the JE model, which essentially states that the spectrum of shock-accelerated particles should become softer as Bn increases [Ellison et al., 1996] . On the basis of this and the results presented in Figure 4a , which show a strong disagreement of the observed relationship between ␥ and H for the forward shocks with that predicted by the JE model, we conclude that the JE model is also unsatisfactory when compared with the Ulysses results presented here.
Previously, Desai et al. [1997 Desai et al. [ , 1998 ] had reported that the ϳ1-MeV proton intensity measured at the CIR reverse shocks observed at Ulysses in the three-dimensional heliosphere was (1) well correlated with the magnetic compression ratio (the ratio of the magnetic field strengths upstream and downstream of the shock), and (2) not correlated with Bn . Thus it appears that while Bn does not have a significant influence on the absolute value of the intensity of the ϳ1-MeV protons accel- Figure 8 . Same as in Figure 7 , but for the parameters ␥ and E 0 . erated at CIRs, it nonetheless plays a crucial role in determining the shape of the spectrum (through VЈ u ).
The previous results of Desai et al. [1997 Desai et al. [ , 1998 ] along with the spectral results presented here, which show that the gradient drift mechanism is the dominant process by which particles are accelerated at strong quasi-perpendicular reverse shocks, are consistent with the general predictions of the diffusive acceleration theory [Jokipii, 1987] . However, since our results are inconsistent with the specific predictions of two models based on diffusion theory, we suggest that some of their assumptions may not be justified for the CIRs at Ulysses. We therefore propose that an evaluation, which is beyond the scope of this paper, of the validity of their main assumptions in light of the recent observations at Ulysses and at other interplanetary spacecraft may yield important clues as to how the models should be modified to accommodate the new results.
Differences in the Observations at the Forward and Reverse Shocks
The main differences in our observations at the forward and reverse shocks of the low-latitude (13ЊS and 29ЊS) CIRs are the following: (1) The number of higher-energy (տ500-keV) particles observed near the forward shocks is much less when compared with that observed typically near the reverse shocks, and (2) the smallest values for the spectral indices at the reverse shocks were observed in association with strong quasiperpendicular shocks (i.e., shocks with largest values for V sh sec Bn ) that were observed between 20ЊS and 30ЊS, whereas the spectral indices at the forward shocks showed no clear dependence on either the heliographic latitude or the shock parameters.
The above differences cannot be elucidated merely in terms of the relative strengths of the bounding shocks, because the results of Balogh et al. [1995] , Burton et al. [1996] , and Riley et al. [1996] clearly show that the values of H, V sh , and Bn (as may also be inferred from Figures 3 and 7) for the forward and reverse shocks of a typical CIR are not significantly different from each other. To alleviate this dilemma, we now consider in detail the relevant observational differences at the forward and reverse shocks.
The Ulysses observations of Gloeckler et al. [1994] have shown that interstellar pickup ions (i.e., interstellar neutrals which are ionized in the inner solar system [Fisk et al., 1974] and subsequently convected outward by the solar wind) are an important source of the seed population for CIRs. In addition, since the intensity of the pickup ions peaked inside the CIRs, Gloeckler et al. [1994] surmised that these particles were probably accelerated by some kind of a statistical process occurring in the CIRs, rather than by a diffusive mechanism occurring at the bounding shocks. To account for these results, Schwadron et al. [1996] have subsequently shown that pickup ions can be accelerated inside the CIRs via transit-time damping [Fisk, 1976] of magnetosonic waves. Furthermore, Schwadron et al. [1996] have proposed that the enhanced level of turbulence and wave activity that is ubiquitous downstream of the CIR reverse shocks when compared with the forward shocks [Tsurutani et al., 1995] could also lead to more efficient statistical acceleration of the pickup ions near the trailing edges. Giacalone and Jokipii [1997] have pointed out that the difference between the flow speeds of the plasma upstream of the forward and reverse shocks would ensure that the pickup ions near the reverse shocks are substantially more energetic when compared with those present near the forward shocks. Furthermore, they suggested that this effect could partially account for the differences in the particle observations at the forward and reverse shocks, simply because these seed particles are injected at higher energies into the diffusive acceleration process. Indeed, in analyzing the CIR-related measurements obtained at Ulysses near the ecliptic plane during periods of high solar activity in 1991, Desai et al. [1997 Desai et al. [ , 1998 had proposed that their results were consistent with the CIRs accelerating higher-energy seed particles, although from an alternative source, i.e., transient solar events. Thus it appears that CIRs, in general, can accelerate higher-energy seed particles provided there exists a potential source of such particles. On the basis of the above arguments we suggest that both the presence of an enhanced level of turbulence and the faster flow of the upstream plasma near the trailing edges of the CIRs could provide significantly higher-energy seed particles (regardless of whether they are pickup ions or solar wind ions) for further acceleration at the reverse shock.
Finally, the Alfvénic fluctuations pervasive in the fast solar wind upstream of the reverse shocks also probably play an important role in determining the efficiency of the acceleration mechanism. Indeed, Decker [1988] showed that Alfvén waves upstream of a shock can scatter particles and enable them to encounter the shock several times, with each encounter resulting in an increase in their energy via the drift mechanism. Further, Jokipii [1987] has proposed that the number of shock encounters for a particle could increase substantially if there is a finite amount of cross-field diffusion upstream of the shock, which may also occur due to such fluctuations. We suggest that a combination of the above effects is probably responsible for the differences in our observations at the forward and reverse shocks of the low-latitude (13ЊS-29ЊS) CIRs.
Summary and Conclusions
We have analyzed the energy spectra of 50-keV to 20-MeV protons accelerated at the corotating shocks observed at Ulysses in the southern heliosphere. Our observations are, in general, inconsistent with the main predictions of two models based on diffusive shock acceleration theory, namely, the analytical calculations of Fisk and Lee [1980] and the Monte Carlo simulations of Jones and Ellison [1991] . The main results are the following:
1. The relationships between the spectral indices and the shock compression ratio show significant departures from those predicted by the two models; the observed spectra are substantially harder than predicted.
2. The spectral parameters at the reverse shocks depend strongly on the heliographic latitude of Ulysses; the hardest spectra are observed between 20ЊS and 30ЊS.
3. The spectral indices at the reverse shocks are anticorrelated with the plasma velocity VЈ u in the de Hoffman-Teller frame of the shock.
4. The spectral fit parameters at the forward shocks show no dependence on either the shock parameters or the heliographic latitude.
The latitudinal dependence of the reverse shock spectra is probably related to the tilt of the heliospheric current sheet with respect to the solar equatorial plane during the period Ulysses traversed the southern heliosphere. The negative correlation between the spectral indices at the reverse shocks and VЈ u indicates that the hardest spectra are associated with strong quasi-perpendicular shocks where the gradient drift mechanism plays a crucial role in accelerating particles. The differences between our observations at the forward and reverse shocks of the low-latitude (13ЊS-29ЊS) CIRs could be due to the presence of a more energetic seed population and an enhancement in the level of magnetic field fluctuations upstream of the trailing edges of the CIRs.
